Recognition of the 5 splice site is an important step in mRNA splicing. To examine whether U1 approaches the 5 splice site as a solitary snRNP or as part of a multi-snRNP complex, we used a simplified in vitro system in which a short RNA containing the 5 splice site sequence served as a substrate in a binding reaction. This system allowed us to study the interactions of the snRNPs with the 5 splice site without the effect of other cis-regulatory elements of precursor mRNA. We found that in HeLa cell nuclear extracts, five spliceosomal snRNPs form a complex that specifically binds the 5 splice site through base pairing with the 5 end of U1. This system can accommodate RNA-RNA rearrangements in which U5 replaces U1 binding to the 5 splice site, a process that occurs naturally during the splicing reaction. The complex in which U1 and the 5 splice site are base paired sediments in the 200S fraction of a glycerol gradient together with all five spliceosomal snRNPs. This fraction is functional in mRNA spliceosome assembly when supplemented with soluble nuclear proteins. The results argue that U1 can bind the 5 splice site in a mammalian preassembled penta-snRNP complex.
Splicing of precursor mRNA (pre-mRNA) is a critical regulatory stage in which accurate recognition and removal of introns by the splicing machinery compose the correct code for protein production. The splicing reaction is carried out by the spliceosome, a dynamic complex of five small nuclear ribonucleoproteins (snRNPs)-U1, U2, U4, U5, and U6-and many auxiliary proteins. The spliceosome assembles de novo on each intron and, through a myriad of RNA-RNA, RNAprotein, and protein-protein interactions, acts to excise each intron and ligate the exons (reviewed in references 11, 20, 24, and 45) .
Spliceosome assembly requires specific recognition of splice site signals: the 5Ј splice site (5Јss) consensus sequence, which includes a conserved GU dinucleotide at the 5Ј end of the intron; the 3Ј splice site (3Јss) region, which consists of the polypyrimidine tract and a conserved AG dinucleotide at the 3Ј end of the intron; and the branch site located ϳ20 nucleotides upstream of the 3Јss, bearing a conserved adenosine (8) .
According to the current model of spliceosome assembly on pre-mRNA, the snRNPs join the spliceosome in an ordered pathway. U1 snRNP initially recognizes the 5Јss by base pairing between U1 snRNA and the 5Јss exon-intron junction (at positions Ϫ3 to ϩ6); these are highly complementary sequences (17, 35, 48, 50, 64) . Non-snRNP splicing factors interact with the 3Јss, resulting in the 5Јss being brought to the proximity of the 3Јss. The U1/5Јss base pairing is then weakened in an ATP-dependent step (9, 21, 23, 29, 30, 53) , allowing U2 snRNP to base pair with the branch site. Next, the U4/U5/U6 trisnRNP complex is added, resulting in an apparent destabilization of U1 snRNP from the spliceosome (reviewed in reference 24) , followed by several rearrangements in which U1 is replaced by U5 and U6 at the 5Јss (1, 4, 5, 22, 27, 32) . The U4/U6 base pairing within the U4/U5/U6 complex is disrupted, U4 is released from the spliceosome, and U6 snRNA base pairs with U2 snRNA (3, 10, 26, 36, 37, 60) . These rearrangements finally allow the two constitutive catalytic steps to generate mature mRNA and liberate the intron.
While the canonical view of ordered assembly has been supported by numerous studies, a growing number of reports have identified a variety of interactions that contradict the proposed chronology of events. Two examples are the findings that the E complex associates with U2 in the absence of ATP and does not require the branch site sequence (15) and that an early functional interaction between the U4/U5/U6 tri-snRNP complex and the 5Јss occurs independently of prior binding of U2 to the branch site (38) . The latter finding also suggests that U1 and U5 snRNPs collaborate functionally to recognize and define the 5Јss, and this suggestion is supported by reports of both cross-linking between U1 and U5 snRNAs (4) and interactions between protein elements of U1 and U5 snRNPs (1, 6) . In another contradiction to the canonical model, the U4/ U5/U6 tri-snRNP complex was found to associate with the spliceosome when U1/5Јss base pairing was still stable (29, 53) , suggesting that the assembly of U4/U5/U6 with the spliceosome is accompanied by the dissociation of U1 from the spliceosome. Along this line, specific protein elements of U1 and U5 were found within the prespliceosome (complex A), suggesting that U1 remains associated when U2 base pairs with the branch site and that U5 may enter prior to spliceosome assembly (complex B) (19) . Most importantly, a 45S complex containing all five spliceosomal snRNPs and over 60 premRNA splicing factors, named the penta-snRNP complex, was observed in yeast extracts (54) . This complex was seen only when the purification procedure was performed with a maximum salt concentration of 50 mM, which is compatible with splicing in yeast extracts. Stevens et al. proposed that the five spliceosomal snRNPs associate prior to binding to a pre-mRNA substrate rather than binding in a stepwise manner as previously thought (54) .
A U2/U4/U5/U6 complex was identified in mammalian cell nuclear extracts without the addition of external pre-mRNA during incubation at a high salt concentration (250 mM NH 4 Cl) (25) . Also, a U1/U2/U4/U5/U6 complex was purified by the addition of an antisense oligonucleotide complementary to U5, and elevating the salt concentration from 50 to 250 mM NaCl led to the disassembly of that complex to U1/U4/U5 and U2/U6 complexes (5) . These observations are difficult to reconcile with the canonical assembly pathway. They may represent temporal stable interactions within a penta-snRNP complex rather than stepwise spliceosome assembly. The one-step spliceosome assembly model is an intriguing model, especially in light of the different techniques used to identify each interaction (7, 43, 54) .
To examine whether U1 approaches the 5Ј splice site as a solitary snRNP or as part of a multi-snRNP complex, we used a simplified in vitro system in which a short RNA containing the 5Јss sequence served as a substrate in a binding reaction. This system allowed us to study the interactions of the snRNPs with the 5Јss in the absence of the effect of other cis-regulatory elements of pre-mRNA. Our results suggest that U1, U2, U4, U5, and U6 snRNPs preexist as a complex in mammalian cell nuclear extracts and that, when the 5Јss RNA is added, the complex specifically binds it through base pairing between the 5Ј end of U1 and the 5Јss RNA. This system accommodates the RNA-RNA rearrangement in which U5 replaces U1 binding to the 5Ј splice site. The complex in which U1 and the 5Јss are base paired sediments in the 200S fraction of a glycerol gradient together with all five spliceosomal snRNPs, can accommodate the replacement of U1 by U5 at the 5Јss, and can support pre-mRNA spliceosome assembly when supplemented with soluble nuclear proteins. These results indicate that U1 can bind the 5Јss within a penta-snRNP complex.
MATERIALS AND METHODS
Oligonucleotides. The RNA oligonucleotide OligoA (5Ј-AAAAAAUGGUA AGUAT) and the mutated 5Јss RNA oligonucleotides were synthesized by CyberSyn. The 5Јss RNA oligonucleotide Adeno (5Ј-CUGUUCAGGUAAGU AT) was synthesized by Dharmacon. All RNA oligonucleotides were deprotected, desalted, and purified by denaturing polyacrylamide gel electrophoresis (PAGE). The 3Ј-biotinylated RNA oligonucleotide OligoA was synthesized by Oligos-R-Us at Yale University Medical School. The DNA oligonucleotides were synthesized by Genset.
In vitro binding reaction. A standard binding reaction mixture (25 l) containing 60% HeLa cell nuclear extract (4C Biotech), 2.4 mM MgCl 2 , 0.5 mM ATP, 20 mM creatine phosphate, and 0.034 pmol of 32 P-end-labeled 5Јss RNA/l (Ն100,000 cpm for cross-linking experiments and 5,000 to 10,000 cpm for complex analyses) was incubated for 15 min at 4°C (4, 5) . To sequester the 5Ј end of U1, the nuclear extract was preincubated with cofactors and with different concentrations of an antisense DNA oligonucleotide complementary to the first 14 nucleotides of U1 (U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] for 15 min at 4°C. Then, 32 P-end-labeled 5Јss RNA was added, and incubation was continued for another 15 to 20 min at 4°C (28) .
Native gel analysis, psoralen cross-linking, Northern blot analysis, RNase H digestion, primer extension, immunoprecipitation, affinity selection, splicing reactions, spliceosome analysis by native 4% PAGE, and micrococcal nuclease treatment. Native agarose gel analysis was carried out as described by Das et al. (15) , with the following modifications. The reaction mixtures were separated in a 0.75% agarose gel at 80 V for 8 h at 4°C. Cross-linking with psoralen and primer extension blockage were carried out as described by Ast and Weiner (4) . Northern blot analysis, splicing reactions, and spliceosome analysis by native 4% PAGE were carried out as described by Shomron et al. (49) . RNase H digestion, immunoprecipitation, and affinity selection were carried out as described by Ast and Weiner (5) . Micrococcal nuclease treatment was performed as described by Liu et al. (33) . Briefly, 1.5 U of micrococcal nuclease and 1 mM CaCl 2 were added per 10 l of nuclear extract. The reaction mixture was incubated at 30°C for 10 min, the reaction was stopped by the addition of 4 mM EDTA, and the reaction mixture was dialyzed against buffer D (see below).
Glycerol gradient fractionation. Glycerol gradients were formed in SW41 ultracentrifuge tubes (Beckman). A 10% glycerol solution (10% glycerol, 50 mM KCl, 1 mM MgCl 2 , 20 mM HEPES [pH 7.9]) was layered onto an equal volume of a 50% glycerol solution. The tubes were covered with Parafilm, placed in a horizontal position for 2 h at room temperature, and returned to the original vertical position for 5 to 8 h at 4°C (58) . Ten-or 16-fold-psoralen-cross-linked standard binding reaction mixtures (250 or 400 l) were loaded by replacing the top 400 l. Gradients were centrifuged at 15,000 rpm for 12 h at 4°C, and 450-l fractions were removed sequentially from top to bottom.
Fractions 15 to 20 (200S fraction) were combined and placed in a dialysis bag (Spectra/Por MW-CO; 12,000 to 14,000 Da). The bag was placed in buffer D (20 mM HEPES [pH 7.9], 100 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 5% glycerol) (16) and dialyzed for 8 h at 4°C. The dialyzed fractions were concentrated to 200 l (protein concentration, ϳ0.5 mg/ml) by using a Centricon apparatus (Amicon MW-CO; 10,000 Da) and stored at Ϫ70°C.
RESULTS

U1
binds the 5ss within an ϳ45S complex. The canonical model of spliceosome assembly proposes that the snRNPs join the spliceosome in an ordered pathway in which U1 base pairs with the 5Јss as an individual snRNP prior to the binding of the remaining snRNPs. In view of evidence suggesting spliceosome assembly in one step, it was intriguing to investigate the spliceosomal complex associated with the 5Јss when U1 base pairs with the 5Јss.
In order to detect potential interactions of spliceosomal snRNPs with the 5Јss, we used a simplified in vitro system developed by Konarska et al. (28) , in which a short 5Јss RNA is used as a substrate in an in vitro binding reaction. This system enables the interactions of the snRNPs with the 5Јss in the absence of the effect of other cis-splicing regulatory elements of the pre-mRNA, such as the 3Јss, polypyrimidine tract, branch site, or exon-intron enhancer elements (27, 28) . The 5Јss RNA oligonucleotide (5Јss RNA) is 16 nucleotides long, spans eight exon and eight intron nucleotides, and contains the optimal 5Јss conserved sequence from positions Ϫ1 to ϩ8 (for clarity, positions "Ϫ" and "ϩ" represent nucleotides upstream and downstream from the 5Јss, respectively). We used two different 5Јss RNAs: Adeno, the authentic 5Јss sequence of the adenovirus type 2 major late transcript, and OligoA, which was designed to enhance base pairing between the uridines of the invariant loop of U5 and the adenosines of the 5Јss exon sequence. Both are 16-nucleotide RNAs that contain the 5Јss conserved sequence from positions Ϫ1 to ϩ8 and differ in the nonconserved sequence from positions Ϫ2 to Ϫ8 (Fig. 1A) .
To explore the interactions of spliceosomal snRNPs with the 5Јss, 32 P-labeled 5Јss RNAs (OligoA and Adeno) were incubated in HeLa cell nuclear extracts under in vitro binding conditions, and the reaction mixtures were separated in a native 0.75% agarose gel (15) . A complex with a similar mobility (ϳ45S; data not shown) was formed on the 5Јss RNAs (possible penta-snRNP [PS] complex) (Fig. 1B, lanes 1 and 3) . The assembly of these two complexes with similar mobilities on the two 5Јss RNAs indicates that the complex formation is specific for the 5Јss conserved sequence and that the exon sequence, which differs in the two 5Јss RNAs, is not essential for complex formation. We verified the specificity of the complex for the VOL. 23, 2003 U1 BASE PAIRS WITH 5Јss IN PENTA-snRNP COMPLEX 3443 5Јss conserved sequence by using Adeno mutated at the three most conserved positions of the 5Јss: Ϫ1, ϩ1, and ϩ2 (Fig.  1A) ; these mutations eliminated the formation of the complex (Fig. 1B, lanes 5 to 8) . To examine the role of U1, we cleaved the 5Ј end of U1 snRNA in the nuclear extracts by treating the nuclear extracts with RNase H directed by an antisense DNA oligonucleotide complementary to the 5Ј end of U1 snRNA (positions 1 to 14). When the two 32 P-labeled 5Јss RNAs were incubated in treated nuclear extracts, no complex was formed on the labeled 5Јss RNAs (Fig. 1B, lanes 2 and 4) , indicating that the formation of the complex or its binding to labeled 5Јss RNAs requires the 5Ј end of U1 snRNA. RNA-RNA base-pairing interactions of snRNAs with the 5Јss RNA within the PS complex were examined by using cross-linking with psoralen (4, 57) . 32 P-labeled Adeno and OligoA were incubated in nuclear extract as in the experiment FIG. 1. U1 base pairs the 5Јss RNA in a large complex. (A) Two 5Јss RNA oligonucleotides used for experiments. Boxed and nonboxed sequences represent exon and intron regions, respectively. The sequences of the two oligonucleotides are identical from positions Ϫ1 to ϩ8 and differ in the exon sequence such that OligoA contains a single uridine in the exon sequence (position Ϫ2). Positions Ϫ2 to ϩ2 are marked. (B) U1 is assembled with the 5Јss RNA in a complex that requires the 5Ј end of U1 snRNA and the conserved nucleotides of the 5Јss.
32 P-labeled OligoA or Adeno was added to HeLa cell nuclear extracts (NE) and incubated for 15 min at 4°C under in vitro binding conditions, and the reaction mixtures were separated in a native 0.75% agarose gel. The complex assembled on the 5Јss RNA is indicated by PS. In lanes 2 and 4, the 5Ј end of U1 snRNA was removed by antisense DNA oligonucleotide-directed RNase H cleavage. In lanes 5 to 8, Adeno was mutated at the three most conserved nucleotides of the 5Јss, as indicated in panel A. (C) U1 binds the 5Јss RNA.
32 P-labeled OligoA or Adeno was added to HeLa cell nuclear extracts as described for panel B. Following incubation, the reaction mixtures were cross-linked with psoralen, and the RNA was purified and separated by denaturing 6% PAGE. The numbers on the right represent sizes in nucleotides of a pBR MspI marker (M). (D) U1/5Јss cross-linking occurs within the PS complex. Nuclear extracts were incubated with 32 P-labeled OligoA or Adeno, cross-linked with psoralen, and separated in a native 0.75% agarose gel. The RNA from the PS complex was eluted, purified, and separated by denaturing 6% PAGE (lanes 2 and 4). Lanes 1 and 3, control standard reactions. (E) RNA from the PS complex that assembled on OligoA was eluted from the native agarose gel, separated by denaturing 10% PAGE, and Northern blotted with radiolabeled antisense riboprobes complementary to U1, U2, U4, U5, and U6 snRNAs (lane 2). Lane 1, total nuclear extract RNA. Lane 3, nuclear extracts incubated under splicing conditions in the absence of the 5Јss RNA; the RNA was eluted from the same position on the gel as the PS complex. Lane 4, similar to lane 3, except that the 5Ј end of U1 snRNA was digested by RNase H treatment of nuclear extracts. Lane 5, analysis of a control region located above the PS complex from the reaction mixture shown in lane 2.
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shown in Fig. 1B , psoralen was added, and the reaction mixtures were irradiated at 365 nm. The RNA was purified and separated in a denaturing gel. Figure 1C shows the region of the gel in the size range of 140 to 200 nucleotides. Inasmuch as the labeled 5Јss RNAs are 16 nucleotides long, the ϳ180-nucleotide band observed (Fig. 1C , lanes 1 and 3) must be a labeled 5Јss RNA cross-linked to a longer molecule. As shown in Fig. 2 , this cross-link was mapped to between the uridine at position 10 of U1 snRNA and the uridine at position Ϫ2 of the 5Јss RNA and thus was designated U1/5Јss. When OligoA and Adeno were incubated in nuclear extracts in which the 5Ј end of U1 snRNA was removed, U1/5Јss cross-linking was 84 and 92% reduced, respectively (Fig. 1C , lanes 2 and 4) (quantification was done by phosphorimager analysis). To confirm the specificity of U1/5Јss cross-linking to the 5Јss conserved sequence, we again used the Adeno mutant. All of the mutations in the conserved sequence of Adeno diminished or totally abolished U1/5Јss cross-link formation (Fig. 1C , lanes 5 to 8). Interestingly, the mutation of G to C at position ϩ1 decreased U1/5Јss cross-linking by 82%, while the same mutation eliminated the PS complex (compare lanes 5 in Fig. 1C and B). The mutation presumably destabilized the binding of U1 to the 5Јss within the PS complex, although a certain level of U1/5Јss base pairing was detected. The overall effect of these mutations indicates that the U1/5Јss cross-links are specific for the 5Јss conserved sequence. Furthermore, the U1/5Јss cross-link reached a maximum level at 0.3 pmol of Adeno/l, which is also the concentration of U1 in the splicing reaction mixture (reference 18 and data not shown).
To confirm that the U1/5Јss cross-link occurs within the PS complex, we performed the same reaction as that shown in Fig.  1B , except that the complex was psoralen cross-linked prior to being resolved in the native agarose gel. The RNA from the cross-linked PS complex was eluted and separated in a denaturing gel. The U1/5Јss cross-link was detected within the PS complex (Fig. 1D , lanes 2 and 4), indicating that U1/5Јss base pairing occurs within the PS complex. These results show that when the 5Јss RNA was added to nuclear extracts, it was assembled within the PS complex through base pairing between the 5Ј end of U1 and the 5Јss RNA in an interaction specific for the 5Јss conserved sequence.
Next we examined which snRNPs are present in the PS complex that forms on the 5Јss RNA. We eluted the RNA from the gel region containing the PS complex and performed a Northern blot analysis with 32 P-labeled antisense riboprobes complementary to each of the five snRNAs: U1, U2, U4, U5, and U6. The PS complex gel region contained all five snRNAs in almost stoicheometric amounts (Fig. 1E , lane 2). However, when nuclear extracts were incubated under splicing conditions in the absence of 5Јss RNA and the RNA was eluted from the same region of the agarose gel as the PS complex, all five snRNAs were also observed (Fig. 1E, lane 3) . Interestingly, when we used nuclear extracts in which the 5Ј end of U1 snRNA had been removed by RNase H cleavage, there were no snRNAs in the same region of the agarose gel as the PS complex (Fig. 1E, lane 4) . A control region located above the PS complex of the agarose gel was also devoid of snRNAs (Fig.  1E, lane 5) . These results suggest that all five snRNPs comigrate in the PS complex position of the gel in the absence of added 5Јss RNA; that the PS complex can interact with the 5Јss through base pairing with the 5Ј end of U1 snRNA; and that the integrity of this complex requires the 5Ј end of U1 snRNA.
The U1/5ss cross-link occurs between position 10 of U1 and position ؊2 of the OligoA exon. To identify the cross-link species observed in Fig. 1C (U1/5Јss) and the U5/5Јss cross-link (to be discussed later), the RNAs of the U1/5Јss (OligoA) and U5/5Јss (OligoA) cross-links were eluted from the denaturing gel and treated with RNase H directed by antisense DNA oligonucleotides complementary to specific regions on U1, U5, or U6 snRNAs. RNase H cleavage with the U1 145-164 antisense oligonucleotide (U1 positions 145 to 164) but not the U5 and U6 antisense oligonucleotides affected the U1/5Јss crosslink by changing its mobility in the gel (Fig. 2A , compare lane 1 to lanes 2 and 3), indicating that this cross-link is between U1 snRNA and OligoA. RNase H cleavage with the U5 53-67 antisense oligonucleotide but not the U1 and U6 antisense oligonucleotides affected the U5/5Јss cross-link by changing its mobility in the gel (Fig. 2A , compare lane 5 to lanes 4 and 6), indicating that this cross-link is between U5 snRNA and OligoA.
We then undertook localization of the precise position on U1 that cross-links to OligoA. The cross-link reaction mixture was separated by denaturing 12% PAGE, the cross-link was eluted, and the RNA was used as a template for reverse transcription primed by a 32 P-labeled DNA oligonucleotide complementary to U1 positions 64 to 75. A block to the extension of the primer was observed at position 11 of U1 snRNA (Fig.  2B, lane 6) . Inasmuch as the extension stops 1 nucleotide before the cross-link site, the block at position 11 of U1 pinpoints the cross-link site to the uridine at position 10 of U1.
The precise nucleotide on OligoA that cross-links to U1 was studied by RNase T 1 mapping and reversal cross-linking at 254 nm of the U1/5Јss and U5/5Јss cross-links. The results indicated that both U1 and U5 cross-linked to the exon portion of OligoA (data not shown). Inasmuch as psoralen usually crosslinks between uridines (4, 57), these results suggest that the precise nucleotide on OligoA that cross-links to U1 and to U5 is the only uridine in the exon sequence of OligoA located at position Ϫ2 (Fig. 3) . RNase T 1 mapping of the U5/5Јss crosslink demonstrated that an unspecified nucleotide between positions 25 and 50 of U5 cross-links to OligoA (data not shown). This region contains the invariant loop of U5 which was shown to base pair with positions Ϫ1 and Ϫ2 of the 5Јss (42, 51, 59 ).
The PS complex accommodates RNA-RNA rearrangements.
During the splicing reaction, U5 and U6 replace U1 at the 5Јss. Thus, we examined whether progress from the stage of early binding of U1 to the 5Јss to the stage at which U5 replaces U1 and base pairs with positions Ϫ1 and Ϫ2 of the 5Јss also occurs in the PS complex.
The complex assembled on the 5Јss RNA was tested by using the technique developed by Konarska et al. (28) . The 5Ј end of U1 snRNA was sequestered by preincubating nuclear extracts with U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] prior to the addition of the 5Јss RNA. Konforti et al. demonstrated that sequestering the 5Ј end of U1 decreases U1/5Јss binding, leading to the binding of U6 at positions ϩ4 to ϩ6 (the intron portion) of the 5Јss RNA (28) and U5(p220) protein to the GU dinucleotide at positions ϩ1 and ϩ2 (46, 47) . These authors used an 11-mer 5Јss RNA oligonucleotide spanning three exon and eight intron nucleotides. Thus, we examined whether sequestering the 5Ј end of U1 snRNA by DNA oligonucleotide U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] can induce the replacement of U1 by U5 at the 5Јss RNA. Inasmuch as the base-pairing interaction between U5 snRNA and the 5Јss occurs between uridines at the invariant loop of U5 and position Ϫ2 of the 5Јss (Fig. 3, lower panel) , we used OligoA, which contains a single uridine in the exon sequence located at position Ϫ2. This strategy allowed us to capture the U5/5Јss base pairing by cross-linking with psoralen.
Nuclear extracts were preincubated with increasing concentrations of U1 1-14 , 32 P-labeled OligoA was added, the reaction mixture was cross-linked with psoralen, and the purified RNA was separated in a denaturing gel. There was a reduction in U1/5Јss cross-linking as the concentration of U1 1-14 was increased, and a new cross-link identified as U5/5Јss appeared (Fig. 4A) . The U5/5Јss cross-link appeared at 0.32 pmol of U1 1-14 /l, peaked at 0.64 pmol/l, and declined when higher U1 1-14 concentrations were added ( 
4C
). The addition of Adeno above the concentration of U1 in the binding reaction mixture (ϳ0.3 pmol/l) (18) did not lead to the formation of the U5/5Јss cross-link (data not shown). However, this result does not rule out the possibility that the decrease in U5/5Јss cross-linking with higher U1 1-14 concentrations is an indirect consequence of the overall decrease in recognition by U1 to start with or a nonspecific effect of too much DNA in the reaction mixture (see Discussion). The specificity of the U5/5Јss interaction with the 5Јss conserved sequence was verified by mutating OligoA at the three most conserved positions: Ϫ1, ϩ1, and ϩ2. When the labeled mutated 5Јss RNAs were incubated in nuclear extracts that had been preincubated with U1 1-14 , the U5/5Јss cross-link was diminished or abolished completely: the G-to-A mutation at position Ϫ1 diminished the U5/5Јss cross-link by 90% (Fig. 4B,  compare lane 4 to lane 2) , the G-to-A mutation at position ϩ1 completely abolished the U5/5Јss cross-link (Fig. 4B , compare lane 6 to lane 2), and the U-to-A mutation at position ϩ2 diminished the U1/5Јss cross-link by 65% (Fig. 4B , compare lane 8 to lane 2). The results show that U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] induces the replacement of U1 by U5 at the 5Јss RNA and that this replacement is specific for the 5Јss conserved sequence.
To explore the effects of mutated OligoA on PS complex assembly, HeLa cell nuclear extracts were incubated in the absence or presence of U1 1-14 , 32 P-labeled OligoA was added, and the reaction mixtures were separated in a native 0.75% agarose gel (15) . All of the mutations decreased the formation of the PS complex by an average of 85% (Fig. 4D) . One exception was the U-to-A mutation at position ϩ2 which, when incubated in the absence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , reduced the formation of the PS complex by only 40% (Fig. 4D, lane 7) . These results indicate that the formation of this complex requires the 5Јss conserved sequence.
Interestingly, we observed different effects of the mutations at positions Ϫ1 to ϩ2 of OligoA and Adeno on U1/5Јss crosslinking and on PS complex formation. Mutations at positions Ϫ1 to ϩ2 of Adeno reduced U1/5Јss cross-linking by more than 85%. The same mutations in OligoA resulted in only 60 and 75% reductions for G-to-A mutations at positions Ϫ1 and ϩ1, respectively (compare Fig. 1C to 4B) , and a 15% reduction for the U-to-A mutation at position ϩ2 of OligoA versus a 99% reduction for the same mutation in Adeno (lanes 7 in Fig. 4B  and 1C, respectively) . Similarly, a mutation at position ϩ2 of Adeno eliminated the formation of the PS complex, compared to the 40% reduction obtained with the same mutation in OligoA (lanes 7 in Fig. 1B and 4D, respectively) . Inasmuch as the only difference between Adeno and OligoA is the exon sequence, these findings may mean that different levels of the U1/5Јss cross-link are affected by the exon sequence. That difference may be related to the binding of U1 snRNP proteins, such as U1(70K), SmD1, and SmD3, upstream of the 5Јss and their effect on the stabilization of 5Јss (62, 63) . However, it may also be due to different efficiencies of U1 and U5 cross-linking to the different mutants.
To examine whether the replacement of U1 by U5 occurs within the PS complex, we separated the reaction mixture containing the U1/5Јss interaction in a native agarose gel.
32 Plabeled OligoA was incubated in nuclear extracts that had been preincubated in the presence or absence of 0.64 pmol of U1 1-14 / l. The reaction mixtures were psoralen cross-linked and separated in a native 0.75% agarose gel. The PS complex assembled on the 5Јss RNA in the presence or absence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] reached to the same position in the gel (Fig. 4E) . To detect the cross-linked RNA within the PS complex, we eluted and purified the RNA from the complex and separated it in a denaturing gel. The PS complex assembled on OligoA contained the U1/5Јss cross-link in the absence of sequestering of the U1 5Ј end (Fig. 4F, lane 3) , and the U1/5Јss and U5/5Јss cross-links were detected after sequestering of the U1 5Ј end (Fig. 4F,  lane 4) . Hence, the replacement of U1 by U5 at the 5Јss RNA occurs within the PS complex, suggesting that U1 binding to the 5Јss is replaced by U5 within the PS complex.
To study the roles of U2 and U6 in the formation of the PS complex, we cleaved the 5Ј end of U2 snRNA or positions 43 to 60 of U6 snRNA in the nuclear extracts by treating the nuclear extracts with RNase H directed by an antisense DNA oligonucleotide. Ninety-eight percent removal of the U1 snRNA 5Ј end resulted in no PS complex formation in the absence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , as well as 92% inhibition of the PS complex when the digested nuclear extracts were preincubated with U1 1-14 (compare Fig. 5A , lane 2, to Fig. 5B, lanes 3 to 6) . However, 89% removal of the U2 snRNA 5Ј end (Fig. 5A , lane 3) resulted in 35 and 72% reductions in PS complex formation in the absence and presence of preincubation of the digested nuclear extracts with U1 1-14 , respectively (Fig. 5B, lanes 7 and  8) . Furthermore, digestion of the nuclear extracts with the U6 43-60 antisense DNA oligonucleotide resulted in 60% digestion of U6 snRNA but also in 25 to 47% reductions in the levels of U1, U2, U4, and U5 snRNAs (Fig. 5A, lane 4) . These digested nuclear extracts supported 82 and 48% assembly of the PS complex in the absence and presence of preincubation of those nuclear extracts with U1 1-14 , respectively (Fig. 5B,  lanes 9 and 10) . These results suggest that digestion of specific regions of U2 and U6 snRNAs has a modest effect on the initial binding of U1 to the 5Ј end of U1 within the PS complex but that, following a presumably conformational change from U1/5Јss to U5/5Јss binding, both of these regions of U2 and U6 snRNAs are essential for the stability of the PS complex. It is unclear whether U2 and U6 remain as intact particles after site-specific digestion.
We also examined the types of complexes assembled on OligoA when the reaction mixtures were separated by native 4% PAGE analysis instead of native agarose gel analysis. A rapidly migrating complex was replaced by a slowly migrating complex when the binding reaction mixtures were incubated in the absence or presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (marked as Y and X, respectively) (Fig. 5C, lanes 3 and 4) . The X complex migrates slightly faster than spliceosomal complexes B and C (Fig. 5C,  lanes 1 and 3) . This result indicates both that OligoA is assembled within a multi-snRNP complex(s) after incubation in the presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and that the formation of this complex can take place at 4°C. The X complex is presumably the U2/U4/ U5/U6/5Јss RNA complex (reference 28 and data not shown). The Y complex migrates in the region of U1 in the gel. This mobility is only slightly slower than the mobility of U1 snRNA alone (data not shown). This result suggests that the conditions used for the separation of U1 snRNP in the native 4% acrylamide gel destabilize U1 snRNP assembly as well as U1 binding to other snRNPs. This destabilization effect is presumably VOL. 23, 2003 U1 BASE PAIRS WITH 5Јss IN PENTA-snRNP COMPLEXdue to the use of heparin in the sample buffer and the nonphysiological pH used in the running buffer (Tris-glycine) (26) . We have also shown that the formation of the U5/5Јss crosslink complex is specific for the sequestering of the 5Ј end of U1 snRNA by antisense DNA oligonucleotides but not for the sequestering of specific regions of U2, U4, or U6 snRNA (Fig.   5D ). Interestingly, sequestering of the 5Ј end of U1 snRNA by DNA oligonucleotides that are complementary to either positions 1 to 8 or positions 1 to 10 induced U5/5Јss cross-linking in a fashion similar to that of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (data not shown). In addition, preincubation of nuclear extracts with U1 1-14 has no effect on the integrity of the 5Ј end of U1 snRNA when incu- FIG. 4 . U5 replaces U1 at the 5Јss RNA. (A) Nuclear extracts were preincubated with increasing concentrations of U1 1-14 , followed by the addition of 32 P-labeled OligoA. The reaction mixtures were further incubated for 15 min at 4°C and psoralen cross-linked, and the RNA was purified and separated by denaturing 6% PAGE. (B) 32 P-labeled OligoA mutated at the three most conserved nucleotides of the 5Јss was incubated with nuclear extracts that had been preincubated in the absence or presence of 0.64 pmol of U1 1-14 /l. The reaction mixtures were cross-linked with psoralen, and the RNA was purified and separated by denaturing 6% PAGE. (C) Quantification of the U1/5Јss and U5/5Јss cross-links in increasing concentrations of U1 1-14 as shown in panel A. Quantification was done by phosphorimager analysis with TINA software. (D) 32 P-labeled OligoA mutated at the same nucleotides as in panel B was added to nuclear extracts that had been preincubated in the presence or absence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and the reaction mixtures were separated in a native 0.75% agarose gel. (E) The PS complex accommodates the replacement of U5 by U1 at the 5Јss RNA. Nuclear extracts (NE) were preincubated in the presence or absence of 0.64 pmol of U1 1-14 /l, 32 P-labeled OligoA was added, and the reaction mixtures were further incubated for 15 min at 4°C and separated in a 0.75% agarose gel. (F) Similar to panel E, except that the reaction mixtures were psoralen cross-linked prior to separation in a 0.75% agarose gel. The RNA from the PS complex was eluted, purified, and separated by denaturing 6% PAGE (lanes 3 and 4). Lanes 1 and 2, total reactions in which OligoA was incubated in nuclear extracts in the absence or presence of 0.64 pmol of U1 1-14 /l.
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bation is done at 4°C. However, sequestering of the 5Ј end of U1 at 4°C and then incubation of the binding reaction mixture at 30°C have an outcome similar to that of incubation at 4°C in terms of U1/5Јss and U5/5Јss cross-link formation. Incubation at 30°C leads to the degradation of OligoA after 15 min of incubation, presumably by endogenous nucleases which are activated at 30°C but which are inactive at 4°C (data not shown). Therefore, we used incubation at 4°C, which prevents OligoA degradation and allows the assembly of complexes identified on native gels and the formation of U1/5Јss and U5/5Јss base-pairing interactions.
To examine whether U1/5Јss and U5/5Јss cross-links reflect either simple antisense-snRNA base-pairing interactions of complementary sequences or elaborate interactions in which specific proteins of U1 and U5 also bind the 5Јss RNA, we examined the latter by using cross-linking at 254 nm, which allows the identification and characterization of protein-RNA interactions. Therefore, nuclear extracts were incubated in the absence or presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (Fig. 5E ; U1/5Јss indicates incubation in the absence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , while U5/5Јss indicates incubation in the presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . We used conditions for U5/5Јss similar to those in Fig.  4A , lane 6, to ensure that U5/5Јss base pairing would constitute the major complex within the reaction. Following the addition of 5Ј-end-labeled OligoA and incubation for 20 min at 4°C, the reaction mixtures were immunoprecipitated with various antibodies. In OligoA, the first site which is digested by RNase T 1 (cuts after a guanosine), downstream of the 5Ј-end label, is at the 5Јss. To differentiate among proteins that cross-link to the exon or intron portion of OligoA, half of each precipitated reaction mixture was digested with RNase T 1 . The precipitated proteins were then separated by sodium dodecyl sulfate-PAGE, and the crosslinked proteins were detected by autoradiography. We showed that two different sets of proteins bind the 5Јss RNA oligonucleotide when either U1 or U5 snRNA base pairs with the 5Јss RNA. Three U1-associated proteins cross-link to the 5Јss RNA (170, 62, and 68 kDa) (Fig. 5E, lane 14) . They are replaced by a set of Sm-associated proteins that cross-link to the 5Јss RNA when U5 base pairs with the 5Јss exon (220, 200, and 55 kDa) (Fig. 5E, lane  3) . One of these proteins is U5(p220), which cross-links downstream from the 5Јss RNA (Fig. 5E, compare lanes 5 and 10) , presumably to the GU dinucleotide (47) . However, it is unclear whether the p200 precipitated by the anti-Sm antibodies is U5(p200) (Fig. 5E, lanes 3 and 8) (30, 31) . The complex precipitated by the anti-Sm antibodies probably prevents RNase T 1 from digesting OligoA. These results can explain why, within the total reaction, the p220 and p200 cross-links which were labeled before RNase T 1 digestion became unlabeled after that digestion but remained labeled after RNase T 1 treatment of the Sm-precipitated reaction mixture (Fig. 5E, compare lanes 1, 6, and 8) . These results indicate that U5 snRNP binds simultaneously across the 5Јss; the invariant loop of U5 snRNA base pairs to the last nucleotides of the exonic portion of the 5Јss, and the U5 snRNP protein, p220 and perhaps also p200, bind to the intronic portion of the 5Јss.
The U1/5ss and U5/5ss cross-links sediment as a 200S complex in glycerol gradients together with all five snRNPs. To examine the homogeneity of the complex formed on the 5Јss, we undertook a two-step separation approach by using sedimentation in glycerol gradients followed by affinity selection. Nuclear extracts were incubated in the absence or presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (Fig. 6A and B, respectively) , 32 P-labeled OligoA was added, and the reaction mixtures were cross-linked with psoralen and loaded on top of a 10 to 50% glycerol gradient (58) . Following centrifugation, each gradient was divided into 24 fractions, and the RNA from each fraction was purified and separated in a denaturing gel. About 65% of the U1/5Јss and U5/5Јss cross-links remained at the top of the gradient (Fig. 6A and B, fractions 2 and 4 ), but about 35% of the U1/5Јss (Fig. 6A) and both U1/5Јss and U5/5Јss (Fig. 6B ) cross-links sedimented as a peak around the 200S region (fractions 15 to 20). The cosedimentation of U1/5Јss and U5/5Јss cross-links within the 200S region further supports the observed similarities between complexes in which U5 and U1 bind the 5Јss.
The 200S complex was previously identified by Sperling et al. as a large RNP complex released from mammalian cell nuclei containing all five snRNPs and many proteins required for RNA processing (2, 39, 40, 52, 61). Wassarman and Steitz (58) demonstrated that RNP complexes of HeLa cell nuclear extracts incubated under splicing conditions in the absence of a substrate sedimented at Ͼ150S in a glycerol gradient (peaks at fraction 15). Using the same glycerol gradient conditions as Wassarman and Steitz (58), we identified the peak of the U1/5Јss cross-link in the same fraction region as the Ͼ150S complexes (peaks at fraction 16) and demonstrated that the peak of tomato mosaic virus (TMV), which was used as a 200S marker, sedimented at fraction 16. These results indicate that the Ͼ150S RNP complexes (58) and the U1/5Јss complex are probably identical RNP complexes. They also suggest that the native 200S large nuclear ribonucleoprotein (lnRNP) complex (52) and the nuclear extract Ͼ150S complex (58) are identical.
The next step was to identify the snRNPs within the 200S fraction containing either U1/5Јss or both U1/5Јss and U5/5Јss Site-specific digestion of U1, U2, and U6 snRNAs in nuclear extracts. U1, U2, and U6 snRNAs were digested by antisense DNA oligonucleotide-directed RNase H cleavage. Mock, same treatment, but in the absence of the antisense DNA oligonucleotide. Total treated nuclear extract RNA (5 l) was separated by denaturing 10% PAGE and tested by Northern blotting with radiolabeled antisense riboprobes complementary to U1, U2, U4, U5, and U6 snRNAs. A longer exposure of the U5 and U6 regions of the gel is shown at the bottom. (B) Effect of selective digestion of U1, U2, and U6 snRNAs on PS complex assembly. Treated nuclear extracts from panel A were preincubated in the absence (Ϫ) or presence (ϩ) of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Then, end-labeled OligoA was added and incubation was continued for another 20 min at 4°C, followed by separation in a 0.75% agarose gel. (C) Analysis of binding reaction mixtures by native 4% PAGE. Splicing reaction mixtures containing labeled Adeno pre-mRNA were incubated at 30°C for 15 and 2 min (lanes 1 and 2, respectively) . Also, binding reaction mixtures were incubated at 4°C for 20 min in the absence and in the presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (lanes 3 and 4, respectively) . The reaction mixtures 3450 MALCA ET AL. MOL. CELL. BIOL.
complexes. A two-step separation was used to purify the complexes. Nuclear extracts were incubated in the absence or presence of U1 1-14 under binding conditions, biotinylated OligoA was added, the reaction mixtures were separated in a glycerol gradient, and the 200S fraction was collected and dialyzed against buffer D (16) . In the second step, the 200S fraction was affinity selected by using Streptavidin-agarose beads, and the selected RNA was purified and examined by Northern blot analysis with 32 P-labeled antisense riboprobes against the five snRNAs: U1, U2, U4, U5, and U6. The U1/5Јss cross-link complex of the 200S fraction was shown to contain all five spliceosomal snRNPs in stoichiometric amounts (Fig. 6C, lane  2) . In addition, affinity selection of the 200S fraction containing both U1/5Јss and U5/5Јss cross-links revealed the five spliceosomal snRNPs in stoichiometric amounts (Fig. 6C, lane 3) . These results show that U1 base paired with the 5Јss within a penta-snRNP complex that was part of the 200S particles. The 200S fraction that contained both U1/5Јss and U5/5Јss crosslinks also showed the same profile of snRNA as the 200S fraction containing the U1/5Јss cross-link alone. Both labeled U1/5Јss and U5/5Јss cross-links were affinity selected from the 200S fraction (data not shown), suggesting that the U5/5Јss and U1/5Јss complexes have similar amounts of the snRNP attached. Also, nonbiotinylated OligoA did not precipitate any snRNAs, indicating the specificity of that selection (data not shown).
The possibility that U1 remains attached to the U5/5Јss complex was examined by an immunoprecipitation assay. The 200S fraction (from Fig. 6A and B) was immunoprecipitated with antibodies directed against the U1-specific protein 70K [anti-U1(70K)]. The RNA was purified and separated by denaturing PAGE. Both U1/5Јss and U5/5Јss cross-links were immunoprecipitated when the reaction mixture was incubated with anti-U1(70K) (Fig. 6D, lane 3) , indicating that U1, or at least U1(70K), remains associated with the complexes containing the U5/5Јss cross-link.
The 200S fraction is functional in spliceosome assembly and in U1-to-U5 replacement. To examine whether the U1/5Јss complex can advance to the U5/5Јss complex, we performed a chase experiment. Nuclear extracts were preincubated under binding conditions with labeled OligoA, followed by separation in a 10 to 50% glycerol gradient. The 200S fraction was collected and dialyzed against buffer D (16). One-half of the purified 200S fraction was cross-linked with psoralen, and the other half was first incubated with U1 1-14 for 45 min at 4°C and then cross-linked with psoralen. The RNA was purified and separated in a denaturing gel (Fig. 7A) . The U1/5Јss complex was able to advance to the U5/5Јss complex following incubation with U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , indicating that the 5Јss RNA can advance from U1 to U5 binding within the 200S fraction and that a factor(s) essential for the replacement process is present in this fraction.
Finally, the ability of the 200S fraction to associate with pre-mRNA and catalyze pre-mRNA splicing was assayed by using standard in vitro splicing conditions. Nuclear extracts were preincubated under binding conditions in the absence of a substrate followed by separation in a 10 to 50% glycerol gradient. The 200S fraction was collected and dialyzed against buffer D (16) . The purified 200S fraction was incubated under in vitro splicing conditions with full-length and labeled Adeno pre-mRNAs. The reaction mixture was separated by native 4% PAGE (Fig. 7B) , or the RNA was purified and separated in a denaturing gel (Fig. 7C) . The 200S fraction alone did not support spliceosomal complex assembly or pre-mRNA splicing (lanes 3 in Fig. 7B and C) . The addition of micrococcal nuclease (MN)-treated nuclear extracts, themselves unable to splice (Fig. 7C, lane 2 
DISCUSSION
We have shown that incubation of HeLa cell nuclear extracts in in vitro binding conditions results in association of the endogenous snRNP particles to a stable complex composed of U1, U2, U4, U5, and U6. This complex specifically binds the 5Јss RNA through base pairing with the 5Ј end of U1 and advances to U5 binding following sequestering of the 5Ј end of U1. These results suggest that U1 approaches the 5Јss as part of a penta-snRNP complex and, following replacement of U1 by U5 at the 5Јss, U1 presumably remains attached to the complex.
The 5Јss RNA is assembled into a large complex that contains all five snRNPs and that sediments at the 200S region in glycerol gradients. This complex is probably identical to the 200S lnRNP complex that can be released from mammalian nuclei, and its size was found to be independent of the length and number of introns in the RNA it packages (40, 52) . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Nuclear extracts were incubated with the indicated cDNA oligonucleotides. Following incubation with end-labeled OligoA, the reaction mixtures were cross-linked with psoralen, and the RNA was purified and separated by denaturing 6% PAGE. (E) U5(p220) cross-links downstream of the 5Јss. Nuclear extracts were incubated in the absence and in the presence of U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (U1/5Јss and U5/5Јss, respectively). Following incubation with 5Ј-end-labeled OligoA, the reaction mixtures were cross-linked at 254 nm and then immunoprecipitated either with anti-Sm, anti-U1(70K), or anti-U5(p220) antibodies or no antibodies (mock). Half of each precipitated reaction mixture was digested with RNase T 1 (indicated by a plus sign; 25 U, 1 h, 30°C), and then the reaction mixtures were separated by sodium dodecyl sulfate-8% PAGE. Lanes 21 and 22 are longer exposures of lanes 11 and 16, respectively. The sizes of the molecular weight (MW) markers are shown on the left (in thousands).
VOL. 23, 2003 U1 BASE PAIRS WITH 5Јss IN PENTA-snRNP COMPLEX 3451 also presumably identical to the Ͼ150S complex found in mammalian cell nuclear extracts incubated under splicing conditions in the absence of a substrate (58) and is consistent with the latest observations of the penta-snRNPs complex formed in yeast extracts under in vitro splicing conditions (54) . The results presented here indicate that the 200S complex that forms in mammalian cell nuclear extract and that contains the five spliceosomal snRNPs can bind the 5Јss via sequence-specific base pairing with the 5Ј end of U1 snRNA, is able to advance to U5/5Јss binding, and supports spliceosome assembly when supplemented with soluble nuclear proteins; thus, it may be a holospliceosome. The 5Јss RNA was shown in previous studies to bind U1 snRNP and to induce a U2/U4/U5/U6 complex in HeLa cell nuclear extracts following sequestering of the 5Ј end of U1 snRNA by U1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (18) . However, the complexes were resolved by native PAGE, which causes destabilization of U1 from all of the complexes resolved by this gel (Fig. 5C) (26) . We prevented the dissociation of U1 from the complexes by using the technique of Das and Reed (14) for native separation in which the splicing complexes are separated in a native agarose gel without the addition of heparin. We found that the complex FIG. 6 . The U1/5Јss cross-link sediments as a 200S complex in glycerol gradients together with all five spliceosomal snRNPs. Nuclear extracts were incubated in the absence (A) or presence (B) of U1 1-14 . 32 P-labeled OligoA was added, and the reaction mixtures were further incubated for 15 min at 4°C under binding conditions. Following crosslinking with psoralen, the reaction mixtures were loaded on a 10 to 50% glycerol gradient and centrifuged for 12 h at 4°C. The gradient was divided into 24 fractions; the RNA was purified and separated by denaturing 6% PAGE. One-fifth of the RNA of fractions 2 and 4, with respect to the other fractions, was loaded on the gel. The 200S position was determined by sedimentation of TMV in a parallel gradient. (C) Gradients similar to those in panels A and B, except that biotinylated OligoA was used and the reaction mixtures were not crosslinked prior to sedimentation. Fractions 15 to 20 (200S) were combined, dialyzed against nuclear extract buffer D, and affinity selected on Streptavidin-agarose beads. The selected RNA was purified, separated by denaturing 10% PAGE, and Northern blotted with radiolabeled antisense riboprobes complementary to U1, U2, U4, U5, and U6 snRNAs. (D) The 200S fractions containing U1/5Јss cross-links (lane 2) or U1/5Јss and U5/5Јss cross-links (lanes 1 and 3) were immunoprecipitated with either anti-U1(70K) antibodies or no antibodies (lane 1). The immunoprecipitated RNA was separated by denaturing 5% PAGE. One-fifth of the RNA in lane 2, with respect to the other lanes, was loaded on the gel.
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that contained heparin migrated faster than the complex that was separated without heparin (data not shown). When the 5Ј end of U1 snRNA was removed, the U1/5Јss cross-link was significantly diminished. The small amount of the U1/5Јss cross-link that is still seen is probably a result of a small amount of full-length U1 snRNA molecules (1 to 2%) that survived the RNase H activity. In this treated extract, the PS complex was not observed and the five snRNAs were not present in the region of the PS complex in the native agarose gel. Moreover, digestion of the U1 5Ј end led to the disassembly of the 200S complex and sedimentation of the snRNP around the top of the gradient (fractions 1 to 9) (data not shown). This suggests that the PS complex and the mammalian cell nuclear extract Ͼ150S complex (58) are present in the nuclear extract as a penta-snRNP complex in the absence of substrate addition. However, the integrity of the PS complex requires the 5Ј end of U1. This finding is also consistent with evidence that a 5Ј truncated form of U1 is not present in the Ͼ150S complex (58) . We anticipate that the discrepancy between the dispensability of the 5Ј end of U1 for the assembly of the U2/U4/U5/U6 on the 5Јss RNA oligonucleotide (28) and the requirement of that end for maintaining the integrity of the preassembled penta-snRNP (58; this study) is due to the different separation techniques, or related to the splicing of certain pre-mRNAs in U1 snRNP-inactivated or -depleted extracts (12, 13, 55, 56) . Another possibility is that the base pairing between the 5Ј end of U1 and the DNA oligonucleotide, even for a short period before that RNase H removes that end, serves as a signal for the advance to U5 5Јss binding.
We cannot exclude the possibility that the PS complex consists of several different complexes that migrate to the same position in the native gel, each composed of a different combination of snRNPs that bind the 5Јss RNA or migrate to that position in the gel. However, increasing the gel percentage from 0.75 to 1.5% and even to 2% failed to lead to separation of the PS complex into several subcomplexes (data not shown). Thus, the U1/5Јss complex had to be isolated by a different technique that would address the homogeneity of the U1/5Јss complex. The two-step separation method-glycerol gradient followed by affinity selection of the 5Јss RNA within the 200S fraction-indicates that all five spliceosomal snRNPs are present in the U1/5Јss complex in stoichiometric amounts, suggesting that U1 approaches the 5Јss within a penta-snRNP complex. Mass measurements of the 200S lnRNP complexes revealed a similarity between the lnRNP particles and the uniformity of their subunits that contain all five spliceosomal snRNPs (41) . The binding reaction with the HeLa cell nuclear extracts and the simple RNA oligonucleotide containing a consensus 5Јss revealed that the base-pairing interaction with U1 can take place at 4°C as well as 30°C (Fig. 1C and data not shown) . Interestingly, when yeast extracts were incubated with a 72-nucleotide transcript containing the entire 5Ј exon and the first 49 nucleotides of the intron, the U1/5Јss cross-link with psoralen was specific to incubation at 25°C but not at 0°C; the U1/5Јss cross-link does form at both temperatures when U1-specific protein U1(C)-depleted extract is used (17) . This suggests that the U1/5Јss interaction is in some way different in yeasts and humans or that other elements located farther away from the 5Јss of the 72-nucleotide transcripts affect the basepairing interaction of U1 with the 5Јss in a way which depends on U1(C) (34) . Such an effect might be attributed to the binding of a yeast CAP binding protein, yCBP80, to both the 5Ј exon and U1 (63) .
According to our results, the 5Јss RNA was packed into the 200S complex that contained the five spliceosomal snRNPs, in which U1 base pairs with the 5Јss RNA in a fashion similar to the PS complex. However, the PS complex observed in the agarose gel was ϳ40 to 65S in size (data not shown), consistent with the size of a single spliceosome (40) and with the 45S penta-snRNPs complex in yeasts (54) . TMV, with a sedimentation coefficient of 200S, was unable to enter the agarose gel (data not shown). Thus, we suggest that the PS complex is a subcomplex of the 200S particle that contains four spliceosomal substructures (44) and that is unable to enter the agarose gel as an intact particle. Parts of that large complex are probably stuck at the top of the native 4% acrylamide gel and need to be "stripped" by heparin or a nonphysiological pH (such as Tris-glycine running buffer) to enter the gel (data not shown).
We have shown that the replacement of U1 by U5 at the 5Јss, which is known to occur at an early stage of the splicing reaction, also occurs on the 5Јss RNA in 200S complexes. This indicates that the same 5Јss RNA can advance from U1 to U5 binding and that a factor(s) essential for the replacement procedure is present in the 200S fraction. This implies that the purified 200S complex is functional for U5 binding to the 5Јss RNA and for pre-mRNA spliceosome assembly when supplemented with soluble nuclear proteins. This is consistent with the functionality of the penta-snRNP complex observed in yeast extracts, a complex shown to be capable of pre-mRNA splicing when also supplied with soluble factors (54) . Based on our observations for mammalian cell extracts and the observations of Stevens et al. for yeast extracts (54), we suggest that a penta-snRNP complex assembles prior to binding the premRNA, recognizes the 5Јss, and subsequently accommodates the RNA-RNA rearrangements required for the splicing activity and that all of these events can take place within the same penta-snRNP complex. The 200S complex might represent the holospliceosome that houses single spliceosomal complexes.
